Unlike amantadine (1-adamantanamine), tromantadine (N-1-adamantyl-N-[2-(dimethyl amino)ethoxy]acetamide hydrochloride) inhibits herpes simplex virus type 1 (KOS strain)-induced cytopathic effect and virus replication with limited toxicity to the cells. Vero and HEp-2 cells tolerated up to 2 mg of tromantadine per 2 x 106 cells for 24-, 48-, or 96-h incubation periods with little change in cell morphology. Treatment of the cells with 10 to 50 p.g of tromantadine reduced herpes simplex virus-induced cytopathic effect. Treatment with 100 to 500 pg of tromantadine inhibited herpes simplex virus-induced cytopathic effect and reduced virus production. Complete inhibition of virus production was observed with treatments of 500 jig to 1 mg. The antiherpetic activity of tromantadine was dependent upon the viral inoculum size and the time of addition of the compound with respect to infection. Virion synthesis and viral polypeptide synthesis were inhibited by addition of tromantadine at the time of infection or 4 h postinfection. The results are consistent with tromantadine inhibition of an early event in herpes simplex virus infection, before macromolecular synthesis, and a late event, such as assembly or release of virus.
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Tromantadine (N-1-adamantyl-N-[2-(dimethylamino)ethoxy]acetamide hydrochloride) (10, 11, 16, 20) is one of relatively few amantadine (1-adamantanamine) derivatives which have antiherpetic activity. Amantadine has been shown to inhibit an early event before viral macromolecular synthesis in influenza A virus replication and is an alternative to vaccination against influenza A virus (15) . Tromantadine has been reported to inhibit herpes simplex virus type 1 (HSV-1) and HSV-2 replication and to be effective as a topical antiherpetic drug (1, 4, 7, 9, 12, 16, 20, 25) . In this paper, we report an improved synthetic scheme for the compound and describe its activity against HSV-1 infection. An indication of the HSV replication step(s) inhibited by tromantadine is discussed. Tromantadine was prepared by addition of N,N-dimethylethanolamine to N-(1-adamantyl)-2-chloroacetamide. First, the lithium alkoxide of N,N-dimethylethanolamine was prepared by the addition of 4.3 ml (0.009 mol) of 2.1 M n-butylithium in hexane to a cold solution of the amino alcohol (0.78 g, 0.0088 mol) in 10 ml of dry THF. A solution of N-(1-adamantyl)-2-chloroacetamide (2.0 g, 0.0088 mol) in 15 ml of dry THF was then added slowly, and the mixture was stirred overnight. The solution was next poured into 50 ml of 10% HCI, and the resulting solution was washed with ether. Addition of NaOH solution liberated the tromantadine, which was extracted into two 100-ml portions of ether. The combined ether extracts were dried over anhydrous Na2SO4, and the ether was evaporated to yield a viscous oil. The oil was dissolved in benzene, and tromantadine was precipitated by (21), the cells concentrated the compound from the medium.
For most assays, cells were infected with 6 x 108 PFU of HSV-1 in 0.5 ml for 1 h at 37°C, and the virus solution was then aspirated off the monolayer and replaced with 2 ml of maintenance medium containing the same amount of the compound.
The antiviral activity of the compounds was determined as a reduction in both virally induced cytopathic effect (CPE) and production of extracellular infectious virus 24, 48, and % h postinfection. Control cell monolayers could not be maintained past 96 h. In one assay, we determined total infectious virus content in the extracellular media and cell-free lysates of tromantadine-treated, HSV-1-infected HEp-2 cells. The lysates were prepared by freeze-thaw disruption of the cells in 0.1% EDTA-1 mM sodium phosphate (pH 7.4). The toxicities of tromantadine and amantadine were evaluated by determining their CPE on mockinfected cells and by determining [3H]thymidine uptake. Cells treated with various doses of tromantadine and 13H]thymidine were incubated for 48 h, washed once, solubilized with 1% (wt/wt) SDS, and scintillation counted. The effects of tromantadine on viral integrity and infectivity were tested by incubation of virus with the compound as described earlier for assays of antiherpetic activity in the absence of cells. After 1 or 24 h, viral infectivity of compound-treated virus, as measured by plaque assay, was compared with that of control-treated virus.
Time course of tromantadine action. Vero cells were treated with 1.0 mg of tromantadine in 2 ml at different times in the virus replicative cycle. uptake by subconfluent cell monolayers, were equivalent to control levels at tromantadine doses of at least 1.2 mg. Tromantadine doses higher than 2 mg induced vacuolation of cells and subsequent lysis regardless of the volume of administration. Amantadine at doses of 2 mg or more, also induced vacuolation of the cytoplasm and lysis of both cell types within 24 h of treatment. The dose dependence of autolysis, rather than the concentration dependence, suggests that these compounds are sequestered from the medium by the cells.
Inhibition of HSV-induced CPE, which is characterized by cell rounding and lysis and monolayer disruption, was used as the criterion of an initial assay for antiherpetic activity. HEp-2 or Vero cells treated with 100 ,ug of tromantadine for 15 min before and then throughout infection and incubation exhibited no CPE for 96 h. Treatment with 10 to 50 ,ug of tromantadine reduced the extent of HSV-induced CPE.
The activity of tromantadine was also evaluated by determining inhibition of virus production. This was quantified by plaque assay of samples of cell-free medium taken from tromantadinetreated, HSV-infected cells at 24, 48, and 96 h postinfection. Tromantadine treatments of 100 to 500 ,g inhibited the production of virus 24 h postinfection, sufficient time for the initial round of virus replication. However, virus production could be observed after 48 h upon treatment with less than 500 ,g. Vero cells gave similar results under these assay conditions; however, a higher concentration of tromantadine was required for inhibition of virus replication (Table  1) . Amantadine had no effect on virus production (data not shown).
In one experiment, HEp-2 cells were treated with 1 mg of tromantadine, infected with HSV-1, and incubated at 34°C for 4 days. No CPE or virus production was observed. After the 4-day incubation period, the cells were washed free of the compound and incubated for 2 more days. No subsequent virus production or change in cellular morphology was observed.
The effect of tromantadine on the integrity of HSV was evaluated by assaying for infectivity after a 1-or 24-h incubation with tromantadine. After the incubation period, virus and tromantadine were diluted at least 104-fold before plaque assay. No significant loss of infectivity was observed upon incubation with doses of tromantadine of 0.2 to 1.2 mg for either time period.
To determine whether virus replication, rather than release of virus from the cells, was being inhibited, we assayed for intracellular as well as extracellular virus. Cells treated with 1 mg of tromantadine and HSV were incubated for 24 h, and the monolayer was then washed and lysed by hypotonic shock on 0.1% EDTA and freezethawing. No virus could be detected in either the cell lysate or the medium of the tromantadinetreated cells, whereas 2 x 105 PFU of intracellular virus and 1.2 x 1 PFU of extracellular virus were detected in untreated cells. Thus, the decrease in extracellular virus after tromantadine treatment indicated a reduction in total virus yield.
VOL. 22, 1982 on October 26, 2017 by guest http://aac.asm.org/ Downloaded from Effect of time of tromantadine addition. Variation of the time of tromantadine addition relative to infection was used to indicate the step in virus replication inhibited by tromantadine (14) . Vero cells were treated with 1 mg of tromantadine throughout infection and incubation (at least 24 h), 15 min before infection only, during the 1-h infection period only, for 1 h at 4 h postinfection only, or 4 h postinfection to the end of the experiment. Infection was then evaluated by plaque assay, determination of virion polypeptide synthesis, and electron microscopy. In a normal infection, HSV a-and 0-polypeptide synthesis is initiated and cellular protein synthesis is inhibited within 4 h (8).
In Table 3 , the effect of time of tromantadine addition on infectious virus production is shown. Whereas untreated cells produced 2 x 106 PFU of virus within 24 h, Vero cells treated with tromantadine as described above produced only 3 x 103 PFU. Tromantadine treatment of cells for 15 min before infection or for a 1-h period at 4 h postinfection did not significantly affect HSV replication. However, treatment of cells during the 1-h infection period inhibited the production of virus for one round of virus replication (24 h) by more than 99%o. Removal of tromantadine after the 1-h treatment allowed subsequent rounds of virus replication to occur, as determined 48 h postinfection. Addition of tromantadine 4 h postinfection also inhibited virus production by more than 99%o. The reduction in virus production was still observed 48 h postinfection. These results suggest that the compound inhibits virus replication both early and late in infection, or less likely, that the compound is sequestered by cells early in infection but inhibits a later step in virus replication.
The effect of tromantadine on HSV polypeptide synthesis was studied by treating HEp-2 cells with tromantadine and "C-amino acids at various times relative to HSV infection. Viral polypeptide synthesis 24 h postinfection could be detected by the presence of a viral polypeptide(s) of approximately 122,000 daltons (Fig. 1,  arrow) against the background of cellular proteins. Addition of tromantadine before infection inhibited synthesis of at least this viral polypeptide. (Fig. 1) . Addition of tromantadine 4 h postinfection did not inhibit further production of this viral polypeptide (Fig. 1) .
Electron micrographs of HSV-infected cells treated with 1 mg of tromantadine at infection or 4 h postinfection were also compared with micrographs of uninfected and infected controls. HSV-infected HEp-2 cells contained intracellular and intranuclear virus with visible HSV capsid paracrystals in the nucleus. Cells treated with tromantadine at the time of infection showed no intracellular or intranuclear evidence of virus infection. Virus could, however, be observed bound to or associated with the outside of the cell. Viral capsids and electron-dense granules in the nucleus were observed in cells treated with tromantadine at 4 h postinfection. However, the majority of viral capsids lacked an electron-dense core and did not exhibit the typical HSV capsid morphology.
DISCUSSION
Tromantadine is a derivative of amantadine, but unlike the parent compound, tromantadine is an effective inhibitor of HSV replication. The work described above was stimulated by the clinical and research potential of tromantadine and by an insufficient amount of background information published about the compound. After attempting to reproduce the synthetic protocol described by May and Peteri (16), we found it necessary to develop a new method for tromantadine production. This new procedure is easier, more reproducible, produces greater yields, and is more adaptable than the other procedure. We have extended the previously reported studies to quantitatively evaluate the activity of the compound on a defined tissue culture system of a well characterized HSV-1 strain, KOS. This enables standardization of assays of antiherpetic activity for future studies on the mode of action of the compound.
Tromantadine inhibits HSV-1 KOS strain replication and virus-induced CPE at doses well below toxic concentrations and within the concentration range reported for amantadine inhibition of influenza A virus (23) , lymphocytic choriomeningitis virus (24) , or dengue virus (13) . Doses of at least 100 pLg of the compound reduced virus production and CPE, whereas higher doses prevented virus replication. The compound inhibited HSV replication in two tissue culture cell types. The activity was dependent on the infectious inoculum size, but the effect was not mediated by direct destruction of virus.
Amantadine has been shown to inhibit an early event in influenza A virus replication, the uncoating of the virus. Amantadine-resistant mutants have an altered M protein, indicating a role for this protein in the anti-influenza virus activity of the compound (2) .
The chemical properties of tromantadine and its structural similarities to amantadine suggest similar modes of action for the two compounds. Like amantadine, tromantadine is concentrated by cells and can initiate autolysis at high doses. Amantadine is rapidly concentrated in the lysosomes and the cytosol of MDCK cells, but most of the cell-bound amantadine is unavailable for antiviral activity (21) . The activities of both amantadine and tromantadine are dependent upon the inoculum size of the respective target virus (influenza [11] and HSV-1 [ Table 2] ). In addition, relatively large amounts of both compounds are required for inhibition of virus replication (11; Tables 1 and 2) .
Unlike amantadine, however, tromantadine inhibits HSV replication. Examination of other amantadine derivatives indicates the importance of an amide or thioamide group for antiherpetic activity, whereas for tromantadine, the side chain potentiates that activity (10, 11, 16, 20) . Weak bases other than tromantadine, such as VOL. 22, 1982 on October 26, 2017 by guest http://aac.asm.org/ Downloaded from NH4Cl, butylamine, and chloroquine, have been shown to have lysosomatropic activity (5) and can also disrupt coated vesicles (19, 22) , cellular structures important for maturation of some viruses (22) . Inhibition by tromantadine of both an early event and a late event in HSV replication suggests that tromantadine inhibits an early event in HSV replication, as does amantadine for influenza A virus, and is also capable of inhibition of a cellular function required for maturation of viral polypeptides or virion assembly.
Our results confirm that tromantadine is effective against HSV-1 replication and indicate the step in virus replication inhibited by the compound. In addition to determining the mode of action of tromantadine, future studies will utilize this compound as a tool to dissect and define the early events in HSV replication.
